The effect is studied of varying the horizontal grid resolution on the simulation of January climate in the NCAR general circulation model. The six-layer model with a 3-km thickness was used for this experiment. For a fixed vertical resolution three different versions of the model were programmed, having horizontal grid increments of lo', 5', and 2 . 5 O in longitude and latitude. The model includes various physical processes operating in the atmosphere including a hydrological cycle, solar and terrestrial radiation, and boundary layers; but the dynamic effect of orography was suppressed.
INTRODUCTION
Ever since numerical weather prediction methods were first developed, one of the basic questions has been the selection of adequate finite-difference grid sizes in both the horizontal and vertical directions. Obviously, from the standpoint of the accuracy of finite-diff erence calculations, we desire to have the highest possible resolution, whereas from the standpoint of computational economy we desire t o have the coarsest possible resolution. Since the question of the grid resolution is closely related to the scale of the phenomena concerned, we shall limit our discussion to the planetary scale and synoptic scale motions of the atmosphere.
The purpose of this paper is to report our comparative study of the effect of varying the horizontal grid resolution on simulation of the general circulation patterns using the six-layer version of the National Center for Atmospheric Research (NCAR) general circulation model (GCM). With a 3-km layer thickness, the model atmosphere extends up to 18 km in height. For this fixed vertical resolution we programmed three different versions with horizontal grid increments of lo', 5', and 2.5' in longitude and latitude. These represent NCAR's 5' resolution model, a coarser resolution model of lo', and a finer resolution model of 2.5'. The 2.5' model also represents the limit of NCAR's present in comupter capability terms of both storage capacity and computational speed. We present results from time integrations with the three different horizontal grid resolutions which simulate January climate starting from identical initial conditions.
In section 2, we give a brief description of the three versions of the GCM and the initial conditions used. In section 3, we present the zonally averaged values of some representative meteorological variables and compare them with observed long-term mean distributions. In section 4, we perform an analysis of the eddy strength to show how the horizontal resolution influences the eddy transport quantities. I n section 5, we analyze the spectra of eddy kinetic energy computed from the three versions and compare these with observed distributions. The conclusions are stated in section 6.
DESCRIPTION OF THE MODEL
Here we describe briefly the NCAR GCM, with emphasis on the grid structure and the differences among the lo', 5', and 2.5' versions of the model.
The NCAR GCM is global and uses spherical polar coordinates in which X is longitude, cp is latitude, and the vertical coordinate is height, z. The prognostic variables are the longitudinal and latitudinal components of momentum, p u and pv, the pressure, p , and the water vapor content, pp, where q is the specific humidity. The diagnostic variables are the vertical velocity, w, the temperaMany physical processes governing the large-scale motion of the atmosphere are considered. These include the absorption of the incoming solar energy in the atrnosphere, cooling due to infrared radiation, heating due to the ture, T, and the density, p. release of latent heat of water vapor condensation, effects of planetary and surface boundary layers in the transports of sensible heat and the evaporation of water vapor from the earth's surface, and dissipation of momentum by small-scale turbulence. Surface temperature over land and ice-snow regions is calculated from a heat balance equation taking into account day-night variations in the solar radiation. Details of the NCAR model may be found in Kasahara and Washington (1967, 1969) and Washington and Kasahara (1970) . Figure 1 shows the vertical grid structure consisting of six 3-km layers. The lower boundary level, s, is placed at anemometer height (approximately 10 m above the earth's surface) and the H-level represents the earth's orography. Although the dynamical effect of mountains is incorporated in the NCAR GCM, we suppressed the dynamical effect of mountains by assuming the height of mountains to be H= 10 m in this study because mountain height data were not readily available for the 2.5' resolution model. Figure 2 shows the space-time relationship of the horizontal grid. All prognostic and diagnostic variables in a vertical column, defined at the levels shown in figure 1 , are at the same time level. The spherical coordinate system poses a computational problem because the longitudinal distance between grid points approaches zero at the poles. In order to maintain a fairly constant distance between grid points for linear stability of the difference scheme, the number of grid points is reduced on the latitude circles from 60°N and 60's to the poles. A centered or leapfrog time-diff erence scheme is used together with centered space differences to integrate the prognostic equations. The nonlinear viscosity formulation introduced by Smagorinsky (1963) is used to obtain computational stability of the momentum and water vapor equations, and a small nonlinear smoothing is applied to the pressure on every time step. In addition, a convective adjustment is used t o insure gravitational stability. For computational details see Oliger et al. (1970) . In this resolution experiment the horizontal mesh is varied, ranging between lo', 5', and 2.5' in longitude and latitude, as illustrated in figure 2, for the fixed vertical resolution of six 3-km layers. Figures 3, 4 , and 5 show the horizontal coordinate meshes for different resolutions over a limited portion of the globe which includes the United States. The figures show the three types of regions considered : the circles designating ocean, the crosses land, and the triangles ice-snow regions. As can be seen, the 10' mesh is very coarse (there are only nine grid points covering the United States), the 5' mesh gives better definition, and the 2.5' mesh delineates the land outlines fairly well. There are 540 mesh points with 10' resolution, 2,160 with 5' resolution, and 8,640 with 2.5' resolution.
The initial conditions used for this experiment were based on an isothermal atmosphere a t rest;
where g is the acceleration due to gravity and R is the gas constant.
The following external conditions are prescribed for the simulation of Janpary climate with the model: 
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FIQURE 3.-Horizontal grid for the 10' mesh over a limited portion of the globe. Circles denote ocean, crosses denote land, and triangles denote ice-snow regions.
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1. A monthly mean distribution of the ocean surface temperature for January. Albedo values are specified at the grid points of land and ice-snow arew.
2. Mean January zonal distributions of cloudiness at the 3-and 9-km levels for the purpose of radiation calculations.
3. The sun's declination for midJanuary (-21.2').
The time steps used for the numerical integration were 12 min, 6 min, and 3 min for the lo", 5", and 2.5" resolutions, respectively, to insure computational stability. We have run the 5" resolution case to day 80. Since this calculation was started from an isothermal atmosphere, large-scale monsoons developed at the onset due to heating differences between land and oceans. After about 15 days, the north-south temperature gradients become so large that the large-scale monsoonal circulation breaks down into eddy motions due to baroclinic instability. After about day 20, the flow pattern becomes meteorological and the global average of kinetic energy becomes fairly constant. We have computed zonal mean values of various meteoro- 
ZONAL MEAN QUANTITIES
I n this section we will show zonally averaged values of some representative meteorological variables that can be compared with long-term observed mean values. The zonal mean values are computed for the period of days Figure 6 presents the latitude-height distributions of the zonally averaged temperature field. The upper left and right pictures are for the 10" and 5" meshes and the lower left picture is for the 2.5" mesh. We see that the three meshes produced temperature distributions similar to the observed temperature distribution for January (lower right). The observed temperature distribution was constructed from data by P a l m h and Newton (1969) for the Northern Hemisphere and Taljaard et al. (1969) for the Southern Hemisphere. A major discrepancy between the observed and computed distributions is the models' incapability of producing the observed colder tropical upper troposphere. This shortcoming seems to be due to the upper bou<ndary condition that the vertical motion vanish at the top boundary, located at 18 km. This kinematic constraint prevents adiabatic cooling in the upper troposphere, particularly in the Tropics. The upper boundary condition also failed to produce a warm Artarctic lower stratosphere in all three mesh cases. The extension of the height of the upper boundary and the incorporation of ozone heating into the NCAR GCM improve 21-30. the simulation of the lower stratospheric temperature distibution, as shown in a preliminary report by Kasahara (1970) . Figure 7 shows the latitude-height distribution of the zonally averaged specific-humidity field. As in the case of the temperature field, the three different cases produced similar distributions of zonally averaged specific humidity that agree with the observed distribution shown by the lower right picture in figure 7. The observed distribution was prepared based on data by Peixoto and Crisi (1965) . The humps in the computed specific-humidity distributions in the equatorial regions are produced by the contrast in the specific-humidity values in the ascending branch and descending branches of the Hadley circulation.
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Figures 6 and 7 may give the impression that the increase in the horizontal grid resolution does not make much difference in the simulation of zonally averaged variables. This is not the case, as can be seen from figure 8, which shows the distributions of the longitudinally averaged zonal wind component, u. With the 10' mesh, the westerly jet maxima appear too far equatorward and with less intensity compared to the observed distribution shown by the lower right picture. The sources for the observed data are P a l m h (1964) based on Crutcher (1961) for the Northern Hemisphere and van Loon et al. (1971) for the Southern Hemisphere.
I n the 2.5' mesh model, the Northern Hemisphere westerly jet moved too far north. The reason for this is puzzling and we shall come back to the question later. However, the intensity of the Southern Hemisphere jet has improved with use of the 2.5' mesh relative to the coarser grids. We notice the tendency toward a jet core that appears to be narrower in latitudinal width in the high resolution model. The occurrence of weak tropical easterlies is not simulated satisfactorily by any of the cases.
-LATITUDE LATITUDE FIGURE 7.-January IatituGe-height distributions of zonally averaged specific humidity, q, for the three mesh cases. The lower right picture shows the climatological specific-humidity distribution.
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FIGURE %-January latitude-height distributions of zonally averaged zonal wind component, ii, for the three mesh cases. The lower right picture shows the climatological zonal wind field. Figure 9 shows the zonally averaged distributions of the meridional wind component, V. The lower right picture presents the observed distribution of Z for DecemberPebruary after Kidson et al. (1969) . The observed values appear to be quite reasonable in the Tropics, but at midlatitudes they are too large to satisfy mass balance requirements. We did not make any attempt to adjust this data. Except for the 10' mesh which produces an unusud vertical distribution of V in t.he tropical lower troposphere, both the 5' and 2.5' mesh cases yield reasonable distributions of v. FIGURE 10.-Latitude-height distributions of the zonally averaged zonal kinetic energy defined by eq (3) for the three mesh cases.
MERIDIONAL TRANSPORTS BY EDDY MOTION AND MEAN CIRCULATION
The zonal mean quantities presented in the previous section illustrate some effects due t o increased horizontal grid resolution upon the simulation of the global mean circulation. However, these quantities do not reveal explicitly the effects of increased horizontal grid resolution on eddy motions. Therefore, we present some meridional eddy transports computed from the three different cases and compare them with both observed data and the computed meridional transports due to the mean circulation.
Let us discuss nomenclature first. We define the zonal average, denoted by an overbar, for any variable, A, by LATITUDE LATITUDE FIGURE 11.-Latitudeheight distributions of the zonally averaged eddy kinetic energy defined by eq (4) for the three mesh cases.
The lower right picture shows observed K' for January, after
Oort and Rasmusson (1970).
where A is the longitude. We also introduce the densityweighted mean, denoted by A, which is defined by Applying the zonal average [eq (l)] to the definition of kinetic energy, we find that %p(u2+v2) =Z+K' Figures 10 and 11 show the latitude-height distributions of and K', respectively, computed for the three cases.
The differences in the patterns of for the three different horizontal resolutions are expected because the zonal component of wind is primarily influencing the zonal kinetic energy as is shown by figure 8. The differences in the patterns of K', on the other hand, are very revealing.
I n the 1 0 ' mesh case, we notice the maximum of K' located at the Equator and very weak local maxima in the middle latitudes of both hemispheres. With improved horizontal grid resolution, the intensity of the middle latitude maxima strengthens by a factor of almost two whereas the tropical maximum is gradually weakened. Manabe et al. (197Qb) noted this same tendency toward an increase in the horizontal grid resolution improving the intensity of the eddy kinetic energy maximum in the middle latitudes. The location of the K' maximum in the Northern Hemisphere for the 2.5O horizontal mesh case is in agreement with the observed distribution by Oort and Basmusson (1970) , shown as the lower right picture in figure 11 , although the intensity of the computed K' is still too small. Another discrepancy between the computed K' and the observed K' is the local maximum in the Tropics of the model. This local maximum of eddy kinetic energy in the Tropics seems attributable to excessive development of disturbances caused by moist convection in the intertropical convergence zones. We have recently rerun the 5' mesh case using a slightly larger value of nonlinear dissipation and found, even in the 5' mesh case, that the tropical maximum of K' can be greatly reduced.
Rgure 1 2 8 shows the latitude-height distributions of meridional eddy angular momentum flux, UT, computed from the three cases. Because the primed quantities are deviations from the density-weighted mean values, we should have shown pu'v', including the density. However, in order to provide an easier comparison with observed da.ta, we omitted the density factor in this presentation. Figure 12B shows the observed distributions corresponding to the quantity, u". The left picture was drawn based on data by Kidson et al. (1969) for the tropical region. The sources of data for the right picture are Holopainen (1967) for the Northern Hemisphere and Obasi (1963) for the Southern Hemisphere. In Obasi's data there is some indication of a local minimum in the Tropics. The distribution by Kidson et al. (1969) clearly shows the presence of eddy momentum flux in the upper troposphere from the winter to the summer hemisphere, compora.ble in magnitude to the poleward fluxes in middle latitudes. Dickinson (1970) argues that these fluxes are the consequence of planetary wave sources in the Tropics of the summer hemisphere. The sources for these waves are very likely planetary-scale asymmetries caused by the release of latent heat in the equatorial trough zones. The computations from the three cases all simulate the southward eddy momentum transport crossing the Equator, although the computations give values a little too large when compared with the observed values.
Concerning the middle-latitude eddy momentum transports, the loo mesh is not able to reproduce the proper intensities, and a t least a 5 O mesh is needed for a reasonable simulation of the eddy momentum transport. I n fact, as far as the Northern Hemisphere is concerned, the distribution of ZL" with the 5' mesh agrees very well with a combined picture of two observed distributions shown in figure 12B . This may be the reason why the zonal wind distribution with the 5' mesh shown in figure 8 gives that is more sensitive to differences in the horizontal grid resolution. Notice that large magnitudes of T'v' occur in the middle latitudes, but not in the Tropics. This is expected because the horizontal temperature gradient is weaker in the Tropics than in middle latitudes. The middle latitude maxima are obviously related to baroclinic waves. Figure 15 shows the zonally averaged distributions of meridional heat transport by the mean circulation, 'TG
the magnitudes of % are very much larger than those of T'v' simply because the magnitude of 'Tis larger than T', the main contribution to the time rate of chanse in the temperature is the horizontal divergence of in, or more correctly speaking, $%. As noted in our previous study, Washington and Easahara (1970) , the horizontal divergence of tends to balance the vertical divergence of ;?&. In any case, we see that increasing the horizontal grid resolution results in reducing heat transport by the mean circulation. General conclusions drawn from studying figures 14 and 15 for heat transports are applicable to water vapor transports. Figures 16 and 17 show the distributions -of eddy and mean circulation specific-humidity transport, pro' and qv, respectively, computed from the three mesh cases. Figure 18 shows the distribution of @ computed by Starr et al. (1969) based on 1 year's data. By comparing figure 18 with figures 16 and 17, keeping in mind that the observed distribution is annual rather than for December-February, we see that the poleward transports of water vapor in the middle latitudes of both hemispheres are primarily due to the eddy motions and that the equatorward transports in the Tropics are caused by the mean circulation. Also, the observed poleward eddy transports of water vapor are comparable in magnitude to those simulated in the 2.5' 'l g . kgl.m. s-l)'v'(g.kq'.m. 5-l mesh case. The 2.5' mesh case appears to produce smaller magnitude transports by the mean circulation than does the 5"mesh case.
SPECTRAL ~~~~~5~~~~~
In order to further investigate the effects of increased horizontal grid resolution on eddy motions, we will study the spectral distributions of eddy kinetic energy a t various latitudes and levels based on data from the three different grid versions. straight line in each figure shows a k-3 distribution as a reference. For the 10' mesh case the spectral distribution in high wave number components has a steeper slope than a -3 spectrum, indicating that the resolution for high wave number components is insufficient. The generation of eddies in high wave number components is very much improved in tlie 5' mesh case. When the horizontal grid size is reduced further to 2.5', the spectral intensity increases in the low wave number components. Figures 20 and 21 show distributions a t 40"N similar to figure 19, but at the 4.5-and 7.5-km levels and the 10.5-and 13.5-km levels, respectively. In figure 20 we have also included data from Saltzman and Fleisher (1962) and Kao et al. (1966) a t 500 mb for comparison. The amount of kinetic energy in low wave number components increases with height as expected. As found in figure 19 , the amount of kinetic energy in the higher wave number components increases as-the horizontal resolution of the grid is increased from 10' t o 5' , but further refinement of the grid to 2.5' increases the amount of kinetic energy in the lower wave number components. One exception is that the amount of kinetic energy in the upper troposphere for the high wave number components seen in figure 21 appears to show less magnitude in the 2.5' mesh case than in the 5' mesh case. Figures 19 to 21 show the spectral distribution of kinetic energy (per unit mass) at 40'N but a t various heights. Figures 22, 20 , and 23 show the spectra a t 4.5-and 7.5-km levels, but for 30°N, 40'N, and 50'N, respectively. Differences a t these latitudes are minor in comparison with the differences in height discussed in connection with figures 19 to 21. This fact is also in agreement with the observed spectra. Consistent with our conclusions in section 4, we find that the 10' mesh generates small eddy activity in the high wave number components. This deficiency is corrected in the 5 O mesh. A major difference between the 5' and 2.5' mesh cases is found in the increase of kinetic energy in the low wave number components 1 to 4. This conclusion is in agreement with the recent finding by Manabe et al. (1970b) in which they observed the increase of kinetic energy in low wave number components when the horizontal grid size is reduced from approximately 500 to 250 km in a hemispheric model.
It is well known that the large-scale motions of the atmosphere are approximately two-dimensional and nondivergent. Lilly (1969) studied the kinetic energy spectral distribution of the two-dimensional nondivergent flow produced by monochromatic random forcing present in a narrow spectral band a t a wave number, say k,. He found that a k-5/3 spectrum develops in the wave number range k<k, (in long waves) and a kd3 distribution in the range k>k, (in short waves). This was predicted by Kraichnan (1967) and also discussed by Leith (1968 by Horn and Bryson (1963) and Wiin-Nielsen (1967) , the kinetic energy spectrum may be grouped into two regimes, one in the lower wave number region and the other in the higher wave number region divided somewhere around a wave number between, say, 6 to 8. This feature can be seen in figures 19 to 23 in which the kinetic energy spectra in the wave number regime higher than wave numbers 6 to 8 are well represented by a k-3 distribution. A similar feature has been reported by Manabe et al. (197'0~) in their model. Since large-scale atmospheric motions are quasi twodimensional and nondivergent, we may be able to interpret the present result in light of two-dimensional turbulence theory in the following way. The eddy kinetic energy in the middle latitudes owes its major energy source to the disturbances of wave numbers, say, 6 to 8, created by baroclinic instability. The input energy is then cascading toward longer waves and vorticity is cascading toward shorter waves. The mesh with higher horizontal grid resolution is capable of resolving baroclinic waves more accurately and produces less energy dissipation (due to nonlinear viscosity) a t the wave numbers of maximum baroclinic instability. Thus, more energy can be transported to the longer waves and this may account for a significant increase in the amount of kinetic energy in the long wave regime of wave numbers 1 to 4 for the 2.5' mesh case.
CONCLUSlONS
I n this paper the effect of varying the horizontal grid resolution in the NCAB QCM was investigated in conjunction with the simulation of January climate. For the same vertical resolution of six layers with 3-km thickness, time integrations were made with three different horizontal grid resolutions of lo", 5", and 2.5" in both longitude and latitude. Conclusions drawn from this comparative study follow.
1. The 10' mesh is too coarse. Meridional transports of momentum, heat, and water vapor are done mostly by the mean circulation. The intensity of eddy motions in the middle latitudes is very much underevaluated and that in the Tropics is exaggerated.
2. The 5' mesh is acceptable for the study of climate simulation. However, the intensity of eddy motions in the middle latitudes is still somewhat underestimated. As in the 10" mesh case, a maximum of eddy kinetic energy appears in the Tropics, but its intensity can be controlled. The effect of the mean circulation in the meridional transports of momentum, heat, and water vapor still appears to be overestimated in the Tropics.
3. The 2.5' mesh significantly improves the intensity of eddy motions in the middle latitudes as compared with the 5' mesh. The meridional transports of momentum, heat, and water vapor by the mean circulation in the 2.5' mesh case are reduced and are closer to the observed values. Therefore, it is desirable to use the 2.5' mesh rather than the 5' mesh even for climate simulation. One obstacle to the use of the 2.5" mesh is in the computer time required; it takes 8 hr t o run 1 atmospheric day on NCAR's Control Data Corporation 6600 computer. (Bonis 1970 ) that that country's annual slash-burn program usually begins in February and lasts until the onset of the rainy season in May.
Smoke appears to originate from two areas: Tabasco, Mexico and the lowlands along the Gulf of Honduras. During the first 12 days, this area was generally located in the southwest quadrant of a surface High. The resulting southerly flow carried the smoke from Mexico northward across the Gulf of Mexico and, on some days, as far north as New Orleans, La. DFring the late afternoon and early evening, local onshore winds often carried the smoke back over land, toward the mountain barriers.
On the first day, April 18, the smoke was only faintly visible. By the next day ( fig. la) , the smoke was more dense and extended well offshore (S). On April 22 (fig. In%) , smoke covers a large area of the lowlands just north of the Sierra Madre Range (S) and extends northward to the front (T) . Another area of smoke can also be seen north of Honduras (U). (The smoke pattern over the Gulf of Honduras undergoes little day-to-day variation during this period.)
During the next three days, anticyclonic flow continued to carry smoke northward and eastward in advance of the front. Smoke was reported as far east as Tampa, Fla., by April 24, and smoke and fog continued to be observed over the Florida peninsula as the front moved southward.
On April 26, another frontal system moved into the Gulf States and subsequently moved eastward, offshore. gradually increased and by April 29 smoke once again covered the western half of the Gulf (S, fig. IC) .
A strong frontal system moved into the Gulf of Mexico on May 1. With the change in low-level flow, fog and stratus covered the coastal lowlands (W, fig. lD) , and airborne smoke moved southward across Southern Mexico and out over the Pacific Ocean (S, fig. 1D ). On May 4, smoke covered an area between 10' and 15'N and 90' and 108OW. A subsequent change in low-level flow on May 5 once again allowed the smoke to drift northward across the Gulf of Mexico while it gradually diminished over the Pacific (S, fig. 1E) .
A large frontal system brought light to moderate rain t o this area on May 12 ( fig. lF) , thus ending the burning season in Central America. Even at this time some smoke (S) could still be seen over the Pacific.
The effect of this annual burning on the weather of the southeastern United States is, presently, not clearly understood. Barrett et al. (1970) state that small solid particles can affect the climate of an area by serving as cloud nuclei and by altering the radiation budget. They note that an increase in cloud condensation nuclei over the tropical oceans leads to greater cloud stability and reduced rainfall; on the other hand, an increase in ice-nucleating particles would tend to increase precipitation in middle and high latitudes. They also suggest that droplet growth may be partially inhibited and cloud stability increased when organic matter is present on the surface of droplets. Holle (1969) , in his study of the Florida drought, notes several cases in which an increase in nuclei has resulted in a decrease in precipitation.
Satellite photographs can provide valuable information on the areal extent of particulate matter from dust and sand storms as well as smoke from large fires. Further study which combines satellite data with other pertinent data may lead to a better understanding of some of the large seasonal variations in precipitation.
